
INFECTION AND IMMUNITY, May 2009, p. 1757–1773 Vol. 77, No. 5
0019-9567/09/$08.00�0 doi:10.1128/IAI.01485-08
Copyright © 2009, American Society for Microbiology. All Rights Reserved.

Francisella tularensis Phagosomal Escape Does Not Require
Acidification of the Phagosome�

Daniel L. Clemens,* Bai-Yu Lee, and Marcus A. Horwitz
Division of Infectious Diseases, Department of Medicine, University of California-Los Angeles School of Medicine, Center for

Health Sciences, Los Angeles, California 90095-1688

Received 4 December 2008/Returned for modification 11 January 2009/Accepted 9 February 2009

Following uptake, Francisella tularensis enters a phagosome that acquires limited amounts of lysosome-
associated membrane glycoproteins and does not acquire cathepsin D or markers of secondary lysosomes. With
additional time after uptake, F. tularensis disrupts its phagosomal membrane and escapes into the cytoplasm.
To assess the role of phagosome acidification in phagosome escape, we followed acidification using the vital
stain LysoTracker red and acquisition of the proton vacuolar ATPase (vATPase) using immunofluorescence
within the first 3 h after uptake of live or killed F. tularensis subsp. holarctica live vaccine strain (LVS) by
human macrophages. Whereas 90% of the phagosomes containing killed LVS stained intensely for the vATPase
and were acidified, only 20 to 30% of phagosomes containing live LVS stained intensely for the vATPase and
were acidified. To determine whether transient acidification might be required for phagosome escape, we
assessed the impact on phagosome permeabilization of the proton pump inhibitor bafilomycin A. Using
electron microscopy and an adenylate cyclase reporter system, we found that bafilomycin A did not prevent
phagosomal permeabilization by F. tularensis LVS or virulent type A strains (F. tularensis subsp. tularensis
strain Schu S4 and a recent clinical isolate) or by “F. tularensis subsp. novicida,” indicating that F. tularensis
disrupts its phagosomal membrane by a mechanism that does not require acidification.

Francisella tularensis is a gram-negative facultative intracel-
lular bacterium that causes a zoonosis in animals and a poten-
tially fatal infection, tularemia, in humans. F. tularensis consists
of four subspecies, F. tularensis subsp. tularensis, F. tularensis
subsp. holarctica, F. tularensis subsp. mediasiatica and “F. tu-
larensis subsp. novicida,” whose geographic distributions and
virulence in humans differ (12, 25). F. tularensis subsp. tularen-
sis (type A), found almost exclusively in North America, is
highly virulent for humans. As few as 10 organisms received
subcutaneously or 25 organisms received by inhalation can lead
to a severe infection (32, 33). F. tularensis subsp. holarctica
(type B, found in North America and in Europe) and F. tula-
rensis subsp. mediasiatica (found in Asia) are less virulent. F.
tularensis subsp. novicida, found in North America and Aus-
tralia, is virulent in mice and has occasionally been reported to
cause a mild disease, compared with type A infections, in
humans (38). Because of its high infectivity and capacity to
cause severe morbidity and mortality, F. tularensis subsp. tula-
rensis is considered a potential agent of bioterrorism and is
classified as a category A select agent.

In animal models of tularemia, macrophages are important
host cells for F. tularensis, and the virulence of the bacterium
correlates with its capacity to grow in macrophages (2, 20). We
have shown previously that efficient uptake of F. tularensis
subsp. tularensis and F. tularensis subsp. holarctica live vaccine
strain (LVS) by human macrophages requires complement and
that it is mediated by a unique process involving spacious,
asymmetric pseudopod loops (10). The mannose receptor (34)

and class A scavenger receptors (26) have also been reported
to play a role in uptake of F. tularensis LVS. We have demon-
strated that following uptake, the bacterium enters a mem-
brane-bound vacuole that acquires limited amounts of endo-
somal markers, including limited amounts of the late
endosomal-lysosomal markers CD63, LAMP1, and LAMP2,
but that the vacuole does not acquire the acid hydrolase ca-
thepsin D, does not fuse with lysosomes, and is only minimally
acidified to a pH of 6.7 at 3 h postinfection (11). With addi-
tional time after uptake, F. tularensis disrupts the phagosomal
membrane and the bacterium escapes and replicates in the
host cell cytosol (9, 11, 16). Celli and coworkers have studied
the interaction of mouse bone marrow-derived macrophages
with F. tularensis LVS (6) and F. tularensis Schu S4 (7) and also
reported a transient interaction with the host endocytic path-
way prior to escape with a more rapid kinetic profile than we
have observed in human monocyte-derived macrophages
(MDM). In addition, Chercoun et al. (6) have reported that at
late times after infection (20 h) in mouse macrophages, a large
proportion of F. tularensis cells enter an autophagosomal com-
partment. The Francisella pathogenicity island has been shown
to be essential for the altered intracellular trafficking and es-
cape of F. tularensis subsp. holarctica LVS (22) and F. tularensis
subsp. novicida (31) into the cytoplasm.

Some degree of acidification has been shown to be required
for the escape of certain intracellular pathogens that replicate
in the cytosol. For example, acidification of the vacuole occu-
pied by Listeria monocytogenes is required for activation of
listeriolysin O for permeablization of the vacuole (1), and
acidification of either early or late endosomes is required for
pH-dependent changes in adenoviral proteins to mediate the
translocation of adenovirus into the host cell cytoplasm (23).
While we have reported previously that the F. tularensis phago-
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some is only minimally acidified to a pH of 6.7 at 3 h postin-
fection, this finding does not preclude the possibility that some
degree of acidification, even transient acidification, might be
required for the bacterium to disrupt its phagosome and es-
cape into the cytoplasm. Indeed, Santic et al. recently reported
that nearly 80 to 85% of F. tularensis subsp. novicida phago-
somes are acidified at 15 to 30 min postinfection in human
MDM and that inhibition of acidification with bafilomycin A
completely blocks escape (30). In contrast to these results for
human macrophages with F. tularensis subsp. novicida, Chong
et al. (7) have recently reported that F. tularensis Schu S4
phagosomes in mouse bone marrow-derived macrophages are
transiently acidified and that inhibition of acidification delays,
but does not prevent, phagosome disruption. To explore the
importance of phagosomal pH on subsequent intracellular
trafficking events for F. tularensis in human macrophages, we
have examined the time course of colocalization of F. tularensis
with the proton vacuolar ATPase (vATPase) and with a vital
stain for acidified compartments, and we have examined the
effect of inhibitors of acidification on phagosomal disruption.

MATERIALS AND METHODS

Bacterial strains and growth conditions. F. tularensis subsp. tularensis strain
Schu S4, a virulent recent clinical isolate (RCI) of F. tularensis subsp. tularensis
(type A) (NY 96-3369), and F. tularensis subsp. holarctica LVS were obtained
from the Centers for Disease Control and Prevention, Atlanta, GA. IglC-null
LVS (�iglC-LVS) was obtained from Anders Sjostedt, Umea, Sweden (22). F.
novicida strain U112 was obtained from Karl Klose, San Antonio, TX. The
bacteria were passaged through monolayers of macrophage-like THP-1 cells to
ensure virulence and stored frozen at �85°C. Before each infection experiment,
the bacteria were thawed, grown for 1 to 2 days on chocolate agar plates enriched
with IsoVitaleX and hemoglobin, suspended in normal saline, and diluted with
RPMI 1640 medium containing fresh 10% autologous or AB serum to obtain the
desired multiplicity of infection (MOI). Killed F. tularensis LVS was prepared by
treatment of the bacteria with 4% paraformaldehyde for 30 min at room tem-
perature, removal of the fixative by centrifugation at 17,000 � g for 15 min,
resuspension, and washing in phosphate-buffered saline (PBS) three times. Bac-
terial aggregates generated by the fixation and centrifugation process were re-
moved by low-speed centrifugation at 200 � g for 10 min prior to use of the
bacteria in an infection experiment.

Preparation of LVS-GFP. To prepare LVS-GFP, the pFNLTP plasmid con-
taining a �-lactamase gene (bla), a neomycin phosphotransferase gene (npt)
conferring kanamycin resistance, a pUC replication origin, and a gene encoding
green fluorescence protein (GFP) under the control of the F. tularensis groE
promoter, generously provided by Thomas Zahrt (Medical College of Wiscon-
sin), was electroporated into LVS. LVS transformants were selected by growth
on chocolate agar containing kanamycin, and GFP expression was verified by
Western immunoblotting and by fluorescence microscopy.

Human serum, cells, and cell line. Human serum was prepared and handled
in a manner that preserved complement activity (18). Heat-inactivated serum
was prepared by incubation of the serum at 56°C for 30 min.

Peripheral blood mononuclear cells were isolated (11), the concentration was
adjusted to 3 � 106 cells/ml in RPMI 1640 medium with glutamine (Mediatech,
Manassas, VA) and 20% autologous serum, and the cells were incubated for 5
days in sterile screw-cap Teflon wells (Savillex Corp. Minnetonka, MN) at 37°C
in the presence of 5% CO2. Teflon wells were chilled on ice, and the MDM were
resuspended, washed, and allowed to adhere to plastic tissue culture plates or
glass coverslips for 1 day prior to use in infection experiments (11). The UCLA
Institutional Review Board approved the participation of normal human blood
donors in our research.

The human monocytic cell line THP-1 (ATCC TIB 202), was grown in RPMI
1640 medium supplemented with 2 mM glutamine and 10% heat-inactivated
fetal bovine serum. Prior to use in an infection experiment, the THP-1 cells were
added (1.5 � 105 cells/cm2) to glass coverslips in 2-cm2 tissue culture wells or to
plastic tissue culture plates and differentiated with phorbol 12-myristate 13-
acetate (PMA) (100 nM) in RPMI 1640 medium with 10% heat-inactivated fetal
bovine serum for 3 days at 37°C in air containing 5% CO2.

Analysis of phagosome escape by electron microscopy. Prior to infection with
F. tularensis, macrophage monolayers (either MDM or THP-1 cells) were left
untreated or were pretreated for 30 min with inhibitors of acidification at the
following concentrations: 20 mM ammonium chloride, 40 �M chloroquine, and
250 nM bafilomycin. Because inhibition of endosomal acidification prevents the
release of iron from iron-transferrin and causes iron deprivation and suppression
of intracellular growth of F. tularensis (13), we supplemented culture media
containing acidification inhibitors with ferric ammonium citrate at a concentra-
tion of 0.1 mg/ml (17.5 �g/ml of iron). We have previously demonstrated that
supplementation of culture medium with this level of iron chelate overcomes the
iron deprivation related to inhibition of endosomal acidification (3, 4). Alterna-
tively, we supplemented the culture medium with ferric pyrophosphate (50 �g/ml
[6 �g/ml of iron]), a level found by Fortier et al. (13) to restore nearly complete
intracellular growth of F. tularensis LVS in the presence of 20 mM NH4Cl. To
synchronize uptake, we opsonized F. tularensis bacteria in 10% fresh human AB
serum for 10 min at 37°C, centrifuged the bacteria onto macrophage monolayers
at 1,000 � g for 30 min at 4°C (in culture medium with or without the same
concentration of inhibitors and iron) at an MOI of 3:1 (ratio of bacteria to
macrophages), and incubated the monolayers at 37°C for 20 min to allow uptake.
The monolayers were washed, incubated for 3 to 7 h in culture medium with or
without the same concentrations of inhibitors and ferric ammonium citrate, fixed,
and processed for electron microscopy (11). Bacteria were scored as “free” in the
cytoplasm if less than 50% of the bacterial circumference was surrounded by a
membrane bilayer. In most cases, the distinctions were unequivocal; the “free”
bacteria were totally free, and the “bound” bacteria were enclosed within easily
discernible membrane bilayers. (Only 9% of the bacteria encountered were in an
intermediate state, and most of these bacteria were either 90% free or 90%
bound). Specimens were viewed and photographed with a JEOL 100 CX trans-
mission electron microscope at 80 kV using Kodak electron microscope film, and
the images scanned and assembled with Adobe Photoshop CS.

Analysis of phagosome escape using a reporter system for phagosome perme-
abilization. Adenylate cyclase catalyzes the conversion of ATP to cyclic AMP
(cAMP) only in the presence of calmodulin, a cytosolic protein. Thus, a recom-
binant adenylate cyclase secreted by F. tularensis can be used to report the degree
to which F. tularensis secreted proteins have access to calmodulin in the host
cytosol. We have shown previously that catalase peroxidase (KatG) is released
extracellularly by F. tularensis growing in liquid cultures and within macrophages
(21). To prepare recombinant F. tularensis with the capacity to secrete adenylate
cyclase, we constructed an in-frame fusion of the F. tularensis katG sequence
corresponding to its leader peptide and the first 20 amino acids of mature KatG
and cyaA�, a 1.2-kb DNA fragment encoding the amino-terminal adenylate
cyclase domain of the Bordetella pertussis cyclolysin (CyaA) from pMJW1753
(provided by Kaoru Geddes [15]), and placed it under the control of the F.
tularensis groE promoter in pFNLTP. The plasmid was electroporated into LVS
or the iglC-deficient mutant of LVS (�iglC-LVS, kindly provided by Anders
Sjostedt), and recombinant bacteria (LVS-sCyaA� and �iglC-LVS-sCyaA�) were
selected by growth on chocolate agar with kanamycin. As a control, we also
prepared recombinant LVS and �iglC-LVS expressing a nonsecreted form of
CyaA� lacking the KatG leader sequence. We verified by Western immunoblot-
ting using monoclonal antibody 3D1 (diluted 1:750) directed against adenylate
cyclase (Santa Cruz Biotechnology Inc.) that LVS-CyaA� and LVS-sCyaA� ex-
press comparable amounts of the CyaA� protein but that only LVS-sCyaA�
releases significant amounts of the recombinant protein into liquid culture me-
dium. We used rabbit polyclonal antibodies directed against F. tularensis IglC
(1:10,000 dilution) and bacterioferritin (1:10,000 dilution) as controls for loading
of bacterial proteins. The Western immunoblots were stained with secondary
antibodies (1:5,000 dilution of goat anti-mouse immunoglobulin G [IgG] perox-
idase conjugate or 1:20,000 dilution of goat anti-rabbit peroxidase conjugate),
developed with WestPico (Pierce) chemiluminescent substrate, and imaged with
X-ray film (Kodak).

To assay for phagosome permeabilization, we infected monolayers of PMA-
differentiated macrophage-like THP-1 cells (3 � 105 cells/well) in 24-well tissue
culture plates with LVS-sCyaA� (or, as a control, LVS-CyaA�) and at different
times after infection washed the monolayers with PBS and added 0.1 N HCl to
extract the cAMP. The extracted cAMP was neutralized with NaOH and mea-
sured by an enzyme-linked immunosorbent assay performed according to the
manufacturer’s instructions (Assay Designs, Ann Arbor, MI). Adenylate cyclase
enzymatic activity was measured by measuring the conversion of [32P]ATP to
[32P]cAMP using a modification of previously described procedures (27). Briefly,
10 �l of a bacterial culture filtrate was incubated at 30°C for 15 min in 100 �l of
assay medium containing 30 mM HEPES (pH 7.5), 5 mM MgCl2, 100 mM NaCl,
20 �M [�-32P]ATP (10 �Ci/ml), 1 �M calmodulin, 10 �M CaCl2, 5 mM phos-
phocreatine, and 12.5 U/ml creatine phosphokinase (to regenerate ATP). The
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reaction was terminated by addition of 100 �l of 2% sodium dodecyl sulfate
containing 20 mM ATP and 1 mM unlabeled cAMP, the [32P]cAMP formed was
isolated by the Dowex 50W-X4 neutral alumina double-column method (29), and
radioactivity was measured in Ecoscint XR with a Beckman LS6500 liquid scin-
tillation counter.

Determination of numbers of bacterial CFU in macrophage monolayers. A
synchronized infection of macrophage monolayers was established as described
above, and gentamicin (0.1 �g/ml) was added to the culture medium after the
initial infection to prevent growth of LVS in the culture medium. We have found
that hypotonic lysis of macrophage monolayers by distilled water or by detergent
does not lead to optimal recovery of bacterial CFU due to incomplete lysis of
macrophages by distilled water and the impact of the detergent on bacterial
viability. To determine the numbers of bacteria in macrophage monolayers, we
washed the monolayers in culture medium containing 20 mM HEPES (pH 7.4)
and scraped the cells with cell scrapers (Costar) into 1.5 ml of 0.25 M sucrose, 20
mM HEPES (pH 7.4). The suspension was transferred to a tube (1 cm by 10 cm)
containing 20 3-mm glass beads and vortexed 10 times for 2 s. We found by using
phase-contrast and fluorescence microscopy that this method consistently liber-
ated more than 95% of bacteria from the macrophages and that vortexing the
bacteria with glass beads in this medium did not decrease the number of CFU.

Assessment of the pH of F. tularensis compartments by LysoTracker red
staining. Live or killed F. tularensis LVS-GFP and latex beads (diameter, 1 �m)
were preopsonized by incubation for 10 min in 20% human AB serum at 37°C,
the concentration was adjusted so that the MOI was 2:1 (ratio of bacteria to
macrophages) for the bacteria and the latex beads (adjusted to a final concen-
tration of 2.5 � 10�4% solids), and the preparation was centrifuged onto mono-
layers of PMA-differentiated THP-1 cells or MDM on glass coverslips in 24-well
plates at 4°C at 1,000 � g for 30 min. The monolayers were incubated at 37°C for
20 min and washed, the medium was replaced with fresh culture medium, and the
monolayers were incubated for an additional 15 min to 6 h and fixed with 4%
paraformaldehyde, 0.1 M piperazine-N,N�-bis(2-ethanesulfonic acid) (PIPES)
(pH 7.4), 6% sucrose. LysoTracker red DND-99 was added to the culture
medium at a concentration of 0.1 �M 15 min prior to fixation. After fixation, the
monolayers were washed in 0.1 M PIPES (pH 7.4), 6% sucrose, and extracellular
bacteria were stained by incubation first with 1:1,000 rabbit anti-F. tularensis IgG
(Becton Dickinson) in the same buffer containing 0.1% bovine serum albumin
and 5% goat serum and then with a 1:50 dilution of amino-methyl coumarin
(AMCA)-conjugated goat anti-rabbit IgG. The monolayers were washed in PBS
and mounted in Prolong antifade mounting medium (Molecular Probes), epiflu-
orescence was examined with an Eclipse TE2000-S microscope equipped with an
X-Cite 120 light source (Nikon), and images were acquired with a SPOT RT-KE
monochrome camera and SPOT software (Diagnostic Instruments, Sterling
Heights, MI). Images were assembled with Adobe Photoshop CS software.

To determine the impact of inhibitors of acidification on phagosomal pH, we
examined the extent of colocalization of LysoTracker red DND-99 with para-
formaldehyde-killed LVS-GFP in PMA-differentiated THP-1 cells or MDM with
or without treatment with the inhibitors. Monolayers of MDM or PMA-differ-
entiated THP-1 macrophages were left untreated or were pretreated for 30 min
with ammonium chloride, chloroquine, or bafilomycin A, incubated for 60 min
with killed GFP-expressing F. tularensis LVS in RPMI 1640 (with or without
inhibitors) containing 10% AB serum, washed to remove extracellular bacteria,
and incubated in culture medium with or without inhibitors of acidification for
3 h. LysoTracker red DND-99 was added to the monolayers 15 min prior to
fixation, and the preparations were observed by using fluorescence microscopy as
described above.

Immunofluorescence evaluation of the distribution of vATPase. THP-1 cells
were allowed to ingest live or killed F. tularensis LVS-GFP and fluorescent blue
latex beads and were fixed for immunofluorescence microscopy at different times
following uptake, as described above for LysoTracker red staining, except that
the monolayers were fixed in freshly prepared 4% paraformaldehyde in 0.075 M
sodium phosphate (pH 7.4) for 30 min, washed twice with PBS, transferred to
antigen retrieval buffer (5% [wt/vol] urea, 100 mM Tris-HCl; pH 9.5), and heated
to 80 to 90°C for 15 min. The coverslips were washed with PBS and permeabil-
ized by incubation in 0.1% saponin in PBS containing 10 mM glycine for 30 min,
nonspecific antigenic sites were blocked by incubation in 5% goat serum in PBS
containing 1% bovine serum albumin, and vATPase subunit 6A was stained with
chicken polyclonal antibody (GenWay), followed by Texas Red-conjugated goat
anti-chicken IgY antibody. Host nucleic acid was stained with 4�,6�-diamidino-
2-phenylindole (DAPI), and the coverslips were mounted and viewed by epifluo-
rescence microscopy as described above. Because the chicken polyclonal anti-
body was found to have some weak cross-reactivity with F. tularensis antigens, we
preadsorbed the antibody against F. tularensis LVS acetone powder (17). Immu-

nofluorescence verified that the resulting preadsorbed antibody had no cross-
reactivity with F. tularensis.

RESULTS

Impact of acidification inhibitors: assessment by transmis-
sion electron microscopy. We have shown previously by ultra-
structural analysis of both infected human MDM and infected
THP-1 monocyte-like cells that F. tularensis disrupts its phago-
some and escapes into the host cell cytoplasm (11). We have
demonstrated similar kinetics of escape both for the attenu-
ated LVS strain and for a virulent recent clinical isolate (RCI)
of the type A strain; approximately 15% of F. tularensis was
free in the cytoplasm at 3 h postinfection, and 35 to 50% was
free in the cytoplasm by 5 to 7 h postinfection (11). Here, using
fluorescence microscopy, we first studied the impact of three
commonly used inhibitors of acidification, ammonium chloride,
chloroquine, and bafilomycin A, on colocalization of LysoTracker
red (a fluorescent dye that labels acidified compartments) with
phagosomes containing GFP-expressing paraformaldehyde-killed F.
tularensis LVS (which resides in acidified phagolysosomes
[11]). We found that bafilomycin A (an agent that disrupts the
vacuolar proton pump) completely abolished LysoTracker red
staining of MDM at 3 h after uptake (Fig. 1A). As expected,
the lysosomotropic agents ammonium chloride and chloro-

FIG. 1. Impact of NH4Cl, chloroquine, and bafilomycin A on acid-
ification of vacuoles occupied by killed F. tularensis in MDM (A) and
THP-1 cells (B). To assess the capacity of NH4Cl, chloroquine, and
bafilomycin A to block acidification, we used fluorescence microscopy
to determine the extent of colocalization of paraformaldehyde-killed
GFP-expressing F. tularensis with LysoTracker red DND-99, a fluores-
cent dye that labels acidified compartments, at 3 h (A) and 8 h
(B) postinfection. Ammonium chloride, chloroquine, and bafilomycin
A all caused a marked decrease in colocalization of killed F. tularensis
with LysoTracker red in MDM (A) and in THP-1 cells (B). The bars
and error bars indicate the means and standard deviations of duplicate
determinations for at least 40 bacteria.
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FIG. 2. Ultrastructural analysis of the impact of bafilomycin A on F. tularensis Schu S4 phagosome escape in human THP-1 macrophage-like
cells. THP-1 macrophage-like cells were left untreated (A and E to G) or were pretreated for 30 min with bafilomycin A (B to D and H to J) prior
to infection with F. tularensis Schu S4 in the presence or absence of 250 nM bafilomycin A and 0.1 mg/ml ferric ammonium citrate. Infection was
continued for 3 h (A to D) or 6 h (E to J) under the same conditions prior to fixation and preparation of the monolayers for transmission electron
microscopy. F. tularensis Schu S4 bacteria residing within vacuoles with clearly defined membrane bilayers in untreated macrophages at 3 h (A) and

1760 CLEMENS ET AL. INFECT. IMMUN.



quine also decreased acidification of the killed F. tularensis
phagolyosomal compartment, but the inhibition of acidifica-
tion was less complete than that provided by bafilomycin A
(Fig. 1A). We verified that these inhibitors have a similar impact
on acidification in THP-1 cells and that the inhibition was still
evident 8 h after uptake of the killed LVS-GFP (Fig. 1B).

To determine whether acidification of the phagosomal com-
partment is required for escape of F. tularensis into the cyto-
plasm, we treated human MDM or THP-1 cells with bafilomy-

cin A for 30 min prior to infection and for 3 to 6 h after
infection with F. tularensis and assessed phagosomal disruption
by transmission electron microscopy. We observed that bafilo-
mycin A treatment does not prevent escape of F. tularensis
Schu S4 into the cytoplasm of THP-1 cells (Fig. 2) or MDM
(Fig. 3). Similarly, we observed that bafilomycin A treatment of
human MDM does not prevent escape into the cytoplasm of a
virulent recent clinical isolate (RCI) of F. tularensis subsp.
tularensis (Fig. 4), F. tularensis subsp. holarctica LVS (Fig. 5),

6 h (E to F) postinfection are indicated by asterisks. An F. tularensis Schu S4 bacterium at 3 h postinfection residing within a vacuole with a densely
staining fibrillar coat in a bafilomycin A-treated macrophage is also indicated by an asterisk (B). F. tularensis Schu S4 bacteria that escaped into
the cytoplasm in untreated macrophages at 3 h (A) or 6 h (G) or in macrophages treated with bafilomycin A at 3 h (C and D) or 6 h (H to J) are
indicated by “e.” Size bars 	 0.5 �m. (K) Percentages of F. tularensis Schu S4 bacteria that escaped into the cytoplasm. In the absence or presence
of bafilomycin A, 15 to 25% of F. tularensis Schu S4 bacteria escaped into the cytoplasm by 3 h and 40 to 45% escaped by 6 h. The bars and error
bars indicate means and standard errors for assessments of at least 40 cells on each of three electron microscopy grids.

FIG. 3. Ultrastructural analysis of the impact of bafilomycin A on F. tularensis Schu S4 phagosome escape in human MDM. Monolayers of human
MDM were left untreated (A and C) or were pretreated for 30 min with bafilomycin A (B and D) prior to infection with F. tularensis Schu S4 in the
presence or absence of 250 nM bafilomycin A and 0.1 mg/ml ferric ammonium citrate as described in the legend to Fig. 1. Infection was continued for
3 h (A and B) or 6 h (C and D) under the same conditions prior to fixation and preparation of the monolayers for transmission electron microscopy. F.
tularensis Schu S4 bacteria residing within vacuoles with easily discernible membrane bilayers are indicated by asterisks (A and B), and bacteria that
escaped into the cytoplasm are indicated by “e” (B, C, and D). Size bars 	 0.5 �m. (E) Percentages of F. tularensis Schu S4 bacteria that escaped into
the cytoplasm. Treatment of the MDM with bafilomycin A did not prevent escape of F. tularensis Schu S4 into the cytoplasm. The bars and error bars
indicate the means and standard errors for assessments of at least 40 cells on each of three electron microscopy grids.
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or F. tularensis subsp. novicida (Fig. 6). We also observed that
treatment of MDM with the lysosomotropic agent ammonium
chloride does not prevent escape into the cytoplasm of Schu
S4, RCI, or LVS and that treatment of MDM with the lyso-
somotropic agent chloroquine does not prevent escape into the
cytoplasm of RCI or LVS, as assessed by transmission electron
microscopy at 7 h postinfection (Fig. 4). The concentrations of
the lysosomotropic agents ammonium chloride (20 mM) and
chloroquine (40 �M) used in these studies were the concen-
trations shown previously to inhibit the intracellular growth of
F. tularensis and Legionella pneumophila in macrophages (3,
13). In most cases, we added supplemental iron in order to
ensure that we were examining a direct impact of inhibition of
acidification rather than an indirect effect exerted through iron
restriction. However, in the case of ammonium chloride, we
observed no inhibition of escape of Schu S4 into the host
cytoplasm with or without supplemental iron (Fig. 4).

Impact of inhibitors on growth. None of the inhibitors has
any direct effect on growth of the bacteria in a chemically
defined broth culture (Fig. 7A). We found that pretreatment of
macrophages for 30 min with the acidification inhibitors (am-
monium chloride, chloroquine, and bafilomycin A) consistently
decreased uptake of the bacteria by the macrophages two- to
threefold but that after uptake the bacteria were nevertheless
able to multiply within the macrophages, resulting in an ap-
proximately 1-log increase over a 24-h period (Fig. 7B). The
number of CFU in the culture supernatants was less than 10%
of the number measured in the monolayers (data not shown).
The inhibitors of acidification may alter membrane trafficking and
receptor recycling rates within the macrophages, thereby altering
the efficiency of uptake of the bacteria, as well as the subsequent
growth of the bacteria, by mechanisms unrelated to phagosome
permeabilization. In multiple experiments, we have observed that
during the first 11 h after uptake, the rate of intracellular growth
of bacteria in bafilomycin A-treated THP-1 cells is similar to that
in untreated macrophages. However, over a longer period of time
(e.g., 24 h, as shown in Fig. 7B), the overall rate of growth of LVS
is significantly lower in bafilomycin A-treated macrophages than
in untreated macrophages. Some decrease in the intracellular
growth rate of the bacteria at later time points (e.g., 11 to 24 h)
could be attributable to a variety of factors, including toxicity of

the inhibitors to the macrophages, alterations in the minerals and
nutrients available to the bacteria (due to alterations in macro-
phage metabolism), or decreased efficiency of phagosome perme-
abilization.

Impact of acidification inhibitors: assessment by a secreted
adenylate cyclase reporter system. While we consider ultra-
structural analysis to be the “gold standard” for assessing pha-
gosomal disruption and escape into the cytoplasm of F. tula-
rensis, we have also developed a biochemical method for
assessing disruption of the phagosome to obtain independent
confirmation of our findings. We introduced into F. tularensis a
plasmid construct encoding either a nonsecreted adenylate cy-
clase (CyaA�) or a secreted form (sCyaA�) of the enzyme from
B. pertussis by fusing the 1.2-kb cyaA� sequence to the leader
sequence of F. tularensis KatG, an enzyme that we have shown
is released extracellularly by F. tularensis growing either in
liquid culture or in macrophages (21). We confirmed by West-
ern immunoblotting and by measurement of enzymatic activity
that adenylate cyclase was secreted into the culture filtrate of
the LVS derivative encoding CyaA� bearing the KatG leader
sequence but not into the culture filtrate of the LVS derivative
encoding CyaA� without the leader sequence (Fig. 8). Adenyl-
ate cyclase generates cAMP from ATP only in the presence of
the cytoplasmic protein calmodulin (39). Therefore, genera-
tion of cAMP by intracellular F. tularensis sCyaA� occurs only
if the phagosomal membrane has been permeabilized so that
the secreted adenylate cyclase is in contact with host cell cy-
tosolic calmodulin and ATP. Consistent with this, at 11 h
postinfection, we detected markedly higher levels of cAMP
generated in macrophages infected with LVS-sCyaA� (which
expresses a secreted form of CyaA�) than in monolayers in-
fected with comparable numbers of LVS-CyaA� (which ex-
presses the nonsecreted form of CyaA�) or with greater num-
bers of iglC-null LVS-sCyaA� (which expresses the secreted
form of CyaA� but is unable to escape into the cytoplasm) (Fig.
9A and B). Because the amount of adenylate cyclase released
is influenced by the number of bacteria, we calculated the
amount of cAMP generated per CFU and per each monolayer
for each condition (Fig. 9C). Lower levels of cAMP per bac-
terium were detected in the LVS-sCyaA�-infected monolayers
at 5 h postinfection than at 11 h postinfection (Fig. 9C), most

FIG. 4. Ultrastructural analysis of the impact of inhibitors of acidification on phagosome escape. Human MDM were left untreated (A, E, I,
and J) (Control) or were pretreated for 30 min with either 20 mM ammonium chloride (B to D and K), 40 �M chloroquine (H and L), or 250
nM bafilomycin A (F and G) prior to incubation with F. tularensis Schu S4 (A to D), RCI (E to H), or LVS (I to L) at an MOI of 15:1 (ratio of
bacteria to macrophages) in the presence or absence of the same inhibitors for 90 min at 37°C. Monolayers were washed to remove extracellular
bacteria, incubated for 7 h in the presence of the same inhibitors, and then fixed and prepared for transmission electron microscopy. Examples of
clearly defined membrane bilayers and intraphagosomal bacteria at 7 h postinfection in the absence of inhibitors of acidification are indicated by
arrowheads in panel A for F. tularensis Schu S4 and by arrows in panel I for LVS. (Bacteria are indicated by asterisks in all panels.) At this time,
most phagosomal membranes (when present) appear as typical thin membrane bilayers (arrowheads in panel A and arrows in panel I). However,
dense fibrillar coats were also observed frequently (arrowheads in panel E). We found that inhibitors of acidification did not prevent F. tularensis
from escaping into the cytoplasm at 7 h postinfection for any of the three strains. Examples of F. tularensis that escaped into the cytoplasm despite
the presence of inhibitors of acidification are shown for Schu S4 (B to D), RCI (F to H), and LVS (K and L). The unique densely staining fibrillar
coats also formed despite the presence of acidification inhibitors (arrowheads in panel C). Size bars 	 0.5 �m. (M to O) Quantitation of the impact
of treatment of MDM with acidification inhibitors on phagosomal escape 7 h postinfection for F. tularensis Schu S4 (M), RCI (N), and LVS (O).
Except where noted, the culture medium was supplemented with ferric ammonium citrate (FAC) to reverse the iron sequestration known to
accompany inhibition of acidification. In the absence of inhibitors of acidification, approximately 50% of the fully virulent F. tularensis Schu S4
(M) and RCI (N) bacteria and approximately 35% of the attenuated F. tularensis LVS bacteria (O) were observed to be free in the host cell
cytoplasm. For all three strains, treatment of macrophage monolayers with inhibitors of acidification did not prevent escape of the bacteria into
the host cell cytoplasm. Even in the absence of supplemental ferric ammonium citrate, the Schu S4 strain continued to escape into the cytoplasm.
The bars and error bars indicate the means and standard errors for assessments of at least 40 cells on each of three electron microscopy grids.
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FIG. 5. Ultrastructural analysis of the impact of bafilomycin A on F. tularensis LVS phagosome escape in human MDM. Monolayers of human MDM were
left untreated (A and C to E) or were pretreated for 30 min with bafilomycin A (B and F to H) prior to infection with F. tularensis LVS in the presence or absence
250 nM bafilomycin A and 0.1 mg/ml ferric ammonium citrate. Infection was continued for 3 h (A and B) or 6 h (C to H) under the same conditions, and then
the monolayers were fixed and prepared for transmission electron microscopy. F. tularensis LVS bacteria residing within vacuoles with easily discernible
membrane bilayers at 3 h are indicated by asterisks. The LVS bacterium indicated by an asterisk in panel F resided within a phagosome with a fibrillar coat that
appears to be disintegrating. Bacteria that escaped into the cytoplasm are indicated by “e.” Size bars 	 0.5 �m. (I) Quantitation of escape into the cytoplasm.
Approximately 15% and 35% of LVS bacteria escaped into the cytoplasm by 3 h and 6 h, respectively, regardless of bafilomycin A treatment. The bars and error
bars indicate the means and standard errors for assessments of at least 40 cells on each of three electron microscopy grids.
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likely because a smaller percentage of the bacteria had escaped
and replicated in the cytoplasm at 5 h than at 11 h (11). In
macrophages treated with bafilomycin A (250 nM) and in-
fected with LVS-sCyaA�, we observed an approximately 50%
reduction in the level of cAMP generated per monolayer and
per bacterial CFU compared with the results for untreated
macrophages. However, despite bafilomycin A treatment, we
continued to observe much higher levels of cAMP in macro-

phages infected with LVS-sCyaA� (producing the secreted
form of adenylate cyclase) than in macrophages infected with
LVS-CyaA� (producing the nonsecreted form of adenylate cy-
clase) or with the iglC-null LVS-sCyaA� (which is unable to
escape from its phagosome [Fig. 9]), indicating that bacteria
continue to escape despite prevention of acidification. The
reduction in cAMP generation in the bafilomycin-treated,
LVS-sCyaA�-infected monolayers compared to that measured
in the untreated monolayers could reflect impaired or delayed
phagosomal permeabilization. However, if acidification were
essential for F. tularensis phagosome permeabilization, then
the bafilomycin A treatment of the macrophages should have
prevented cAMP levels in the LVS-sCyaA�-infected monolay-

FIG. 6. Ultrastructural analysis of the impact of bafilomycin A on
F. novicida phagosome escape in human MDM. Monolayers of human
MDM were left untreated (A and C) or were pretreated for 30 min
with bafilomycin A (B and D) prior to infection with F. tularensis subsp.
novicida in the presence or absence 250 nM bafilomycin A and 0.1
mg/ml ferric ammonium citrate. Infection was continued for 3 h (A and
B) or 6 h (C and D) under the same conditions, and then the mono-
layers were fixed and prepared for transmission electron microscopy.
F. tularensis subsp. novicida bacteria residing within vacuoles with
easily discernible membrane bilayers at 3 h (A) and 6 h (C) are
indicated by asterisks. F. tularensis subsp. novicida bacteria that es-
caped into the cytoplasm by 3 h (A and B) or 6 h (C and D) are
indicated by “e.” Size bars 	 0.5 �m. (E) Quantitation of escape into
the cytoplasm. Approximately 10% and 30% of F. tularensis subsp.
novicida bacteria escaped into the cytoplasm by 3 h and 6 h, respec-
tively, with or without bafilomycin A treatment. The bars and error
bars indicate the means and standard errors for assessments of at least
40 cells on each of three electron microscopy grids.

FIG. 7. Impact of NH4Cl, chloroquine, and bafilomycin A on growth
of F. tularensis LVS in chemically defined liquid culture (A) and in
macrophage-like THP-1 cells (B). (A) F. tularensis LVS was grown at
37°C in chemically defined liquid culture medium (5) in the presence
or absence of 20 mM ammonium chloride, 40 �M chloroquine, or 250
nM bafilomycin A, and the number of CFU was evaluated over time.
(B) PMA-differentiated THP-1 cells (1.2 � 106 cells) were infected
with LVS at an MOI of 2:1 by centrifugation as described in Materials
and Methods, washed, and incubated at 37°C for 1 h, 5 h, or 24 h prior
to enumeration of CFU in the monolayers. Monolayers either were left
untreated or were treated for 30 min with ammonium chloride (20
mM), chloroquine (40 �M), or bafilomycin A (250 nM) in the presence
of supplemental iron (0.1 mg/ml ferric ammonium citrate [17.5 �g/ml
of iron]) prior to infection and then maintained in Dulbecco modified
Eagle culture medium with the same inhibitor concentrations during
subsequent incubations. The values are means and standard deviations
of duplicate determinations. The experiment was performed twice with
similar results.
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FIG. 8. Secretion of CyaA� by recombinant strains of F. tularensis. LVS
and iglC-deficient LVS (�iglC) bearing pFNLTP plasmids encoding either
sCyaA� (the leader sequence and the first 20 amino acid residues of the
mature KatG fused to CyaA�) (resulting in strains designated LVS-sCyaA�
and �iglC-sCyaA�, respectively) or CyaA� (without fusion with katG) (result-
ing in strains designated LVS-CyaA� and �iglC-CyaA�, respectively) were
grown on chocolate agar plates with 10 �g/ml kanamycin at 37°C in the
presence of 5% CO2, inoculated into chemically defined liquid culture me-
dium (5) at an optical density of 0.1, and grown at 37°C and 200 rpm for 11 h.
The cultures grew to nearly identical optical densities at 540 nm (0.371, 0.361,
0.42, and 0.436 for �iglC-CyaA�, �iglC-sCyaA�, LVS-CyaA�, and LVS-
sCyaA�, respectively). Bacteria were removed by centrifugation and by filtra-
tion through 0.45- and 0.2-�m filters, and each culture supernatant was
concentrated with Centricon (5,000-molecular-weight-cutoff) filter concentra-
tors. Aliquots of culture filtrates either were assayed for adenylate cyclase
activity by an assay that measures conversion of [32P]ATP to [32P]cAMP
(A) or were analyzed by Western immunoblotting with anti-adenylate cyclase
monoclonal antibody (B). The error bars indicate standard deviations of
duplicates; asterisks indicate statistically significant differences (*, P 
 0.01;
**, P 
 0.001; two-tailed unpaired Student’s t tests). Bacteria were sonicated,
and aliquots of the sonicated bacteria were also analyzed by Western immu-
noblotting (C) with mouse anti-adenylate cyclase monoclonal antibody, rabbit
antibody to IglC, or rabbit anti-bacterioferritin (Bfr) antibody. The adenylate
cyclase enzymatic activity (A) was much greater in the culture filtrates of
LVS-sCyaA� and �iglC-sCyaA� than in the culture filtrates of LVS-CyaA�
and �iglC-CyaA�. Western immunoblotting of the culture filtrates (B) re-
vealed a strong 48-kDa band corresponding to secreted CyaA� in lanes 2 and
4, corresponding to LVS-sCyaA� and �iglC-sCyaA�, respectively. CyaA� was
absent in lanes 1 and 3, corresponding to LVS-CyaA� and �iglC-CyaA�,
respectively. Western immunoblotting of the sonicated bacterial pellets
(C) revealed comparable levels of bacterioferritin (15 kDa) (bottom blot) in
all lanes. CyaA� was present in all lanes (middle blot); because it has the first
20 amino acids of the mature KatG, the CyaA� from LVS-sCyaA� and
�iglC-sCyaA� (lanes 2 and 4, respectively) has a slightly higher molecular
weight as determined by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis than the CyaA� from LVS-CyaA� and �iglC-CyaA� (lanes 1 and 3,
respectively). IglC immunoreactivity was detected in the sonicated bacterial
pellets of LVS-CyaA� (lane 1) and LVS-sCyaA� (lane 2) but not in the lanes
loaded with sonicated bacterial pellets of �iglC-CyaA� (lane 3) or �iglC-
sCyaA� (lane 4). The experiment was conducted twice with similar results.

FIG. 9. Use of a CyaA� reporter system to assess the impact of bafilo-
mycin A on F. tularensis phagosome permeabilization. THP-1 cells, either
untreated or treated with 250 nM bafilomycin A, were infected with LVS
or an LVS IglC-deficient mutant bearing a plasmid encoding either a
secreted form of CyaA� (LVS-sCyaA� and �iglC-sCyaA�, respectively) or,
as a negative control, a nonsecreted form of CyaA� (LVS-CyaA� and
�iglC-CyaA�, respectively). Untreated macrophages were infected with
LVS-sCyaA� or LVS-CyaA� at an MOI of 2:1 (ratio of bacteria to mac-
rophages). Because bafilomycin A pretreatment of macrophages de-
creases the uptake of F. tularensis (Fig. 7B), the macrophages pretreated
with bafilomycin A were infected using a twofold-higher MOI (4:1). Be-
cause the �iglC-LVS mutants are unable to replicate inside macrophages,
a 10-fold-higher MOI (20:1) was used to infect macrophages with the
�iglC mutants. Levels of cAMP were measured at 5 and 11 h postinfection
(A), and the numbers of bacterial CFU were determined at 1, 5, and 11 h
postinfection (B). Because the amount of cAMP generated is influenced
by the numbers of intracytoplasmic bacteria secreting recombinant
CyaA�, the ratio of the amount of cAMP generated to the number of
bacteria in each condition is shown for 5 and 11 h postinfection (C). At 5
and 11 h postinfection, in untreated THP-1 cells and in bafilomycin A-
treated cells, the level of cAMP generated is markedly greater in the
LVS-sCyaA�-infected THP-1 cells than in the LVS-CyaA�-infected
THP-1 cells, consistent with escape of the bacteria into the cytoplasm in
the presence or absence of bafilomycin A. The error bars indicate stan-
dard deviations for duplicates; the asterisks indicate statistically significant
differences (*, P � 0.01, two-tailed unpaired Student’s t tests). The levels
of cAMP are not significantly greater in macrophages infected with �iglC-
sCyaA� than in macrophages infected with �iglC-CyaA�, consistent with
the inability of the �iglC-LVS mutant to escape into the cytoplasm. The
experiment was conducted three times with similar results.
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ers from being greater than the levels in LVS-CyaA�- or iglC-
null LVS-sCyaA�-infected monolayers. Moreover, it should be
noted that whereas the iglC-null LVS-sCyaA� bacteria are un-
able to grow in the macrophage monolayers (Fig. 9B), consis-
tent with their inability to escape from the phagosome, both
LVS (Fig. 7B) and LVS-sCyaA� (Fig. 9B) do grow within
macrophages despite treatment of the macrophages with
bafilomycin A. Again, if bafilomycin A prevented phagosome
permeabilization, then growth of the bacteria within the mac-
rophages would not have been expected.

Live F. tularensis shows reduced colocalization with Lyso-
Tracker red. Although we observed that acidification of the
phagosome is not required for phagosome escape, this did not
rule out the possibility that the phagosome might be transiently
acidified prior to escape. We have previously measured slight
acidification of the phagosome to a pH of 6.7 at 3 h postinfec-
tion and found that live LVS, unlike killed LVS, does not
colocalize with LysoTracker red, a marker of acidified com-
partments (11). To assess more thoroughly the possibility that
the F. tularensis phagosome might be significantly acidified at
earlier times, we examined LysoTracker red colocalization
with live and dead F. tularensis at different times from 15 min
to 6 h postinfection (Fig. 10). We found that whereas 70 to
90% of killed F. tularensis bacteria colocalize with LysoTracker
red at all time points, only 20 to 30% of live LVS bacteria
colocalize with LysoTracker red at these time points (Fig. 10),
consistent with the hypothesis that killed LVS, but not live,
LVS resides in acidified phagolysosomes. While some of the
live LVS bacteria did colocalize with LysoTracker red (Fig.
10A to C and G to I), the intensity of fluorescent staining was
considerably less than that for killed LVS (Fig. 10D to F and J
to L). Latex beads that resided in the perimeter of the macro-
phages colocalized with LysoTracker red with kinetics similar to
those of killed LVS (Fig. 10M). In the case of LVS, we identified
noninternalized bacteria by staining the nonpermeabilized mono-
layers with a blue fluorescent antibody (AMCA) and found that
at all of the time points examined, less than 1% of the LVS
bacteria were outside the macrophages (i.e., accessible to the blue
fluorescent antibody). For the latex beads, we were unable to
determine the percentages of ingested beads and adherent beads;
instead, we scored the beads that resided in the perimeter of the
macrophages. Neither latex beads nor bacteria that were outside
the borders of the macrophages colocalized with LysoTracker
red. We also examined LysoTracker red staining of live macro-
phages (without fixation) and observed relative exclusion of Ly-
soTracker red from live LVS but strong colocalization of Lyso-
Tracker red with latex beads (Fig. 11), indicating that the absence
of colocalization of LysoTracker red staining with live LVS is not
attributable to loss of the stain during fixation. Imaging of Lyso-
Tracker red colocalization with paraformaldehyde-killed LVS-
GFP is technically complicated by the decrease in the fluores-
cence of GFP at acidic pH. (This is not a problem in
paraformaldehyde-fixed monolayers, because the specimen is
mounted in a neutral-pH medium and the pH is neutral through-
out the specimen during imaging.)

Live F. tularensis shows reduced colocalization with the
vATPase. Several mechanisms could allow a pathogen to resist
acidification of its compartment. While decreased recruitment
of the vATPase is one mechanism (as proposed for Mycobac-
terium avium and Mycobacterium tuberculosis [36, 40]), other

mechanisms are also conceivable. For example, reduced acid-
ification would result from (i) permeabilization of the phago-
some that allows equilibration of the phagosomal pH with the
cytosolic pH, (ii) persistence of the Na�/K�-ATPase (which
generates a positive membrane potential within the vacuole,
thereby opposing H� transport by the vATPase into the vac-
uole [14]), or (iii) generation of alkalinizing ammonia by the
bacterium, as has been shown for Helicobacter pylori (35). Be-
cause we have observed that at all time points an F. tularensis
phagosome has much less staining for lysosome-associated
membrane glycoproteins than phagosomes containing either
latex beads or killed F. tularensis have and because we have
observed that live F. tularensis phagosomes do not acquire
cathepsin D or Texas Red dextran (11), we considered the
possibility that the recruitment of the vATPase, which accom-
panies phagosomal maturation and acidification, might also be
reduced. To test this hypothesis, we stained infected macro-
phages by immunofluorescence for vATPase subunit 6A.
Whereas killed F. tularensis LVS and latex beads colocalized
intensely with the vATPase (Fig. 12), live F. tularensis LVS
showed markedly reduced colocalization (Fig. 12). The re-
duced level of colocalization is not attributable to phagosomal
escape, as the immunofluorescence observations included time
points from 15 min to 3 h postinfection, times at which we
observed the majority of the F. tularensis bacteria to be within
easily discernible membrane bilayers.

DISCUSSION

Pathogens that enter the endosomal-lysosomal pathway must
either adapt to the more acidic environment of this pathway or
prevent acidification of their compartment. While the F. tula-
rensis vacuole exhibits a limited interaction with the endocytic
pathway, we have found that it fails to fuse with lysosomes, and
it is only minimally acidified (pH 6.7). The resistance to acid-
ification and limited acquisition of lysosomal markers could be
a result of permeabilization of the phagosomal membrane.
Thus, it has been unclear whether the resistance to acidifica-
tion and altered membrane trafficking reflect a primary event
or whether they instead are consequence of phagosome per-
meabilization that follows, or even requires, a brief period of
phagosome acidification. We have demonstrated that prevention
of acidification, by use of either the proton pump inhibitor bafilo-
mycin A or lysosomotropic agents, does not prevent F. tularensis
from disrupting its phagosomal membrane. These results are con-
sistent with our fluorescence and immunofluorescence observa-
tions that the F. tularensis phagosome shows only limited colocal-
ization with the live cell acidification stain LysoTracker red and
that it acquires only limited amounts of the vATPase during the
first 3 h postinfection. These data suggest that permeabilization of
the F. tularensis phagosome follows rather than precedes the
alteration of the F. tularensis membrane trafficking pathway.
These findings will help guide further studies of the pathogenic
mechanisms underlying the capacity of F. tularensis to disrupt its
phagosome and escape into the host cytoplasm.

Our results differ from those of Santic et al. (30), who have
reported that 90% of F. tularensis subsp. novicida vacuoles in
human MDM acquire the vATPase and are acidified (Lyso-
Tracker red positive) at 15 to 30 min postinfection and that the
level of colocalization declines to 50% by 60 min postinfection.
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FIG. 10. Acidification of intracellular compartments in LVS-GFP-infected THP-1 macrophages assessed by LysoTracker red fluorescence.
Uptake of live (A to C and G to I) or killed (D to F and J to L) LVS-GFP (green) and fluorescent blue latex beads by PMA-differentiated THP-1
cells was synchronized by centrifuging the bacteria and beads onto monolayers at 4°C. The monolayers were warmed to 37°C for 20 min, washed,
incubated for an additional 30 min (A to F) or 60 min (G to L), and then fixed for evaluation by fluorescence microscopy. LysoTracker red was
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While these results might be attributable to the fact that dif-
ferent subspecies of Francisella (F. tularensis subsp. novicida
and F. tularensis subsp. tularensis) were studied, there are also
important technical differences between the studies, and it is
possible that the differences in observations may reflect differ-
ences in antibody staining conditions and in image acquisition.
It is critical that fluorescence images of vATPase and Lyso-
Tracker red exhibit a vesicular-phagosomal pattern of fluores-
cent staining rather than diffuse fluorescence. In contrast to
Santic et al. (30), we used fluorescent latex beads and killed F.
tularensis as positive controls in our vATPase and LysoTracker
red studies to establish staining conditions and camera set-
tings that provided discrete fluorescence staining of the pos-
itive control particles without resulting in diffuse pools of
fluorescence in the macrophages under examination. Using
latex beads as internal positive controls, we observed rela-
tively low levels of LysoTracker red and vATPase staining of
the live F. tularensis LVS phagosomes but intense staining of
the killed LVS phagosomes.

Our results also differ from those of Chong et al. (7), who
report that 80% of F. tularensis Schu S4 phagosomes are acid-
ified at 15 to 30 min postinfection. However, Chong et al. used
a higher concentration of LysoTracker red than we used (0.5
�M versus 0.1 �M) and did not include latex beads as an
internal control to allow comparison between different condi-
tions. By using a much higher concentration of LysoTracker
red, Chong et al. may have detected relatively mild degrees of
acidification (e.g., pH 6 to 6.5), such as the acidification which
is present in early endosomes. By using latex beads as an
internal control, we were able to compare relative degrees of
acidification between conditions, and we found that whereas
phagosomes containing killed F. tularensis stain much more
strongly for LysoTracker red than those containing latex beads
(Fig. 10), phagosomes containing live F. tularensis acquire
much less LysoTracker red than the latex bead-containing
phagosomes acquire (Fig. 10 and 11), thus demonstrating that
the phagosomes containing live F. tularensis exhibit relative
resistance to acidification.

We do observe that approximately 25% of F. tularensis LVS
bacteria do colocalize with the vATPase and with LysoTracker
red at 30 min postinfection, and we cannot rule out the possibility
that there is transient acidification of the F. tularensis phagosome.
However, even transient acidification of the vacuole is not re-
quired for the bacteria to escape or to multiply within the phago-
some, since continuous bafilomycin A treatment does not prevent
these things from occurring. It is possible that the small subpopu-

lation of LVS colocalizing with LysoTracker red represents bac-
teria that were killed or metabolically injured upon entry into the
macrophage. The size of this population may subsequently de-
crease with time as the bacteria in the phagolysosomes are de-
graded (with inactivation of GFP fluorescence and loss of bacte-
rial morphological integrity).

Whereas Santic et al. (30) report that bafilomycin blocks
phagosomal escape by F. tularensis subsp. novicida, we have
consistently observed that F. tularensis LVS, RCI, and Schu S4
disrupt their phagosomal membranes despite treatment with
bafilomycin and the lysosomotropic bases ammonium chloride
(LVS, RCI, and Schu S4) and chloroquine (LVS and RCI).
Because we have also found that bafilomycin A treatment of
macrophages does not prevent phagosomal escape of F. tula-
rensis subsp. novicida, it is likely that methodological issues
(rather than use of different Francisella subspecies) are the
basis of the different observations. Santic et al. measured pha-
gosomal disruption by a cytosol loading technique that involves
mechanical disruption of the macrophages to allow replace-
ment of macrophage cytosol with ambient medium containing
an antibody to F. tularensis subsp. novicida. This procedure
may cause changes in the osmotic, protein, and electrolyte
composition within the macrophage, possibly influencing the
fate of the bacterial compartment. In contrast, we have pri-
marily used transmission electron microscopy to determine the
time course of phagosomal escape by F. tularensis LVS, RCI,
and Schu S4 and to demonstrate that inhibitors of acidification
do not block this escape. By using transmission electron mi-
croscopy, we are able to verify the ultrastructural morpholog-
ical integrity and health of the macrophages being examined
and scored for phagosomal integrity (bacteria within macro-
phages that are necrotic or that have poor morphological in-
tegrity are not scored). Moreover, we have confirmed the ca-
pacity of F. tularensis to escape despite the presence of
bafilomycin A by using an adenylate cyclase reporter system.

Chong et al. observed that prevention of acidification with
proton pump inhibitors caused a delay in the otherwise rapid
escape of F. tularensis from its phagosome in mouse macro-
phages (7). The assay of Chong et al. relies on differential
antibody staining and the assumption that digitonin is able to
permeabilize the plasma membrane without permeabilizing
the F. tularensis phagosomal membrane. It is possible that their
assay detects the presence of pores or small breaks in the
phagosomal membrane that exist prior to full ultrastructural
disruption of the membrane, thereby accounting for the more
rapid kinetics and somewhat different observations. However,

added 15 min prior to fixation. Blue fluorescence (latex beads) (arrowheads) and green fluorescence (LVS-GFP) (arrows) are shown in panels A,
D, G, and J; LysoTracker red fluorescence is shown in panels B, E, H, and K; and merged fluorescence is shown in panels C, F, I, and L. Whereas
the majority of fluorescent blue latex beads (arrowheads in panels A, D, G, and J) and killed LVS-GFP (arrows in panels D and J) colocalize
strongly with LysoTracker red (B, E, H, and K), the majority of live LVS (arrows in panels A and G) show little or no colocalization with
LysoTracker red (arrows in panels B and E). Extracellular bacteria in these experiments were identified by staining the nonpermeabilized
monolayers with rabbit anti-F. tularensis lipopolysaccharide and an AMCA-conjugated antibody and represented less than 1% of the total bacteria
observed. Size bars 	 10 �m. (M) Quantification and time course of LysoTracker red colocalization with live and formalin-killed LVS-GFP and
latex beads. Uptake of live or killed LVS-GFP and latex beads by PMA-differentiated THP-1 cells was synchronized, and the colocalization of the
bacteria with LysoTracker red was determined at different times after uptake as described above. Whereas killed LVS-GFP and latex beads show
a high level of colocalization with LysoTracker red at all time points from 15 min to 6 h after uptake, live LVS-GFP bacteria show only 15 to 25%
colocalization over the same time period. The symbols and error bars indicate the means and standard deviations of duplicate determinations for
at least 100 bacteria. The experiment was conducted twice with similar results.
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the physicochemical properties of the F. tularensis phagosome
are not known, and it is unclear whether phagosomes that
contain live F. tularensis are resistant to digitonin. For example,
if live F. tularensis phagosomes were hyperosmotic relative to
the host cell cytoplasm or if they had a high cholesterol con-
tent, then they may not be resistant to treatment with digitonin.
It is noteworthy that, using the digitonin-based assay, Chong et
al. (7) found that 30% of the F. tularensis subsp. novicida iglC
mutant bacteria escape into the cytoplasm at 1 to 6 h postin-
fection, whereas our adenylate cyclase assay does not detect
permeabilization of the phagosome by the F. tularensis LVS
iglC mutant at 5 h or 11 h postinfection (Fig. 9) and Lindgren
et al. (22) did not detect disruption of the phagosome by the F.
tularensis LVS iglC-deficient mutant by transmission electron
microscopy. While Chong et al. also employed transmission
electron microscopy to assess phagosomal disruption, they did
not quantify their ultrastructural observations and they consid-
ered any observed disruption of the phagosomal membrane
evidence of escape. In contrast, our definition of phagosome
escape requires a 50% or greater loss of membrane integrity in
order to avoid misinterpretation as escape minor artifacts in
sectioning, such as the knife skipping out of the plane of the
section or tangential sectioning of the membrane.

In addition to the technical differences discussed above,
some differences between our observations and those of Santic
et al. and Chong et al. could reflect differences in the uptake
pathway of the bacteria, since our macrophage infection model
employs serum to promote uptake via C3 and complement
receptors, whereas the methods of Santic et al. and Chong et
al. do not employ serum and thus may study uptake by a
nonopsonic mechanism. We use serum because we have ob-
served that the efficiency of uptake of F. tularensis is greatly
reduced in the absence of serum (9, 10), and it is likely that
complement is present at sites of infection in vivo.

Alteration of the intracellular pH can alter the growth and
multiplication of intracellular pathogens by a variety of mech-
anisms. Pharmacological inhibitors of acidification have a va-
riety of effects on intracellular membrane trafficking and on the
ionic and nutrient composition within a macrophage that may
impact the metabolic activity of F. tularensis, independent of
any direct impact on the pH of the F. tularensis vacuole (and
independent of whether F. tularensis is even inside a vacuole).
For example, Claus et al. showed that bafilomycin A and chlo-

roquine treatment prevented delivery of proteolytic and hydro-
lytic enzymes to phagosomes (8), van Weert et al. showed that
bafilomycin A prevented the transport of endocytosed material
from late endosomes to lysosomes (37), and Presley et al.
showed that bafilomycin A treatment slows both the bulk flow
of membranes and the recycling of transferrin receptors (28) in
CHO cells. These effects on general cellular membrane traf-
ficking impact the catabolism of endocytosed materials and the
availability of nutrients to intracellular F. tularensis, regardless
of whether F. tularensis is free in the cytoplasm or inside a
vacuole. Because the release of iron from iron-transferrin re-
quires the acidification of early endosomes, agents that block
endosomal-lysosomal acidification decrease the supply of iron
in host cells. Thus, agents that block endosomal acidification
restrict the availability of iron to intracellular pathogens and
can inhibit the intracellular growth of pathogens that reside in
minimally acidified phagosomes, such as L. pneumophila (3),
which resides in a phagosome with a pH of 6.1 (19), as well as
pathogens that escape into the host cell cytoplasm, such as F.
tularensis (13). Thus, restriction of intracellular growth result-
ing from agents that block endosomal acidification indicates
the importance of iron to intracellular growth but does not
provide evidence regarding the compartment occupied by the
pathogen or even the intracellular pH of the compartment
occupied by the pathogen. Accordingly, the intracellular
growth of both F. tularensis (13) and L. pneumophila (3) was
restored by supplementation of the macrophage culture me-
dium with iron chelation complexes, such as ferric pyrophos-
phate and ferric ammonium citrate, indicating that the most
important effect of pH on the intracellular growth of these
pathogens was mediated via iron availability. If blocking
phagosome acidification actually prevented phagosomal es-
cape of F. tularensis LVS (as suggested by Santic et al. [30]),
then supplementation of the culture medium with ferric pyro-
phosphate (13) would not be expected to restore the intracel-
lular growth.

While bafilomycin A treatment of macrophages leads to an
approximately 50% reduction in cAMP generation in LVS-
sCyaA�-infected macrophages, we observe relatively little im-
pact on phagosome permeabilization by electron microscopy.
This reduction in cAMP generation could be attributable to
impaired or delayed formation of pores or impaired formation
of small breaks in the membrane that are not apparent when

FIG. 11. Acidification of intracellular compartments in LVS-GFP-infected human macrophages assessed by LysoTracker red fluorescence of
live cells. Uptake of live LVS-GFP (green) and fluorescent blue latex beads by human THP-1 cells (A to D) was synchronized as described in the
legend to Fig. 10, and acidification of live macrophages was evaluated after 15 min, 30 min, 1 h, or 3 h. Acidified compartments were identified
by incubation of the monolayers with LysoTracker red (0.1 �M) for 5 min at 37°C immediately prior to fluorescence microscopy. Panels A to D
show THP-1 cells infected with live LVS 30 min postinfection. Phase-contrast micrographs are shown in panel A. Blue and green fluorescence
channels are shown in panel B, revealing the positions of the fluorescent blue latex beads (arrowheads) and the green LVS-GFP bacteria (arrows).
LysoTracker red fluorescence is shown in panel C, and merged fluorescence is shown in panel D. The numbered boxes (boxes 1 to 4) in each large
micrograph indicate the areas shown at higher magnification in the corresponding small micrographs below it. Whereas almost all of the fluorescent
blue latex beads (arrowheads in panel B) colocalize strongly with LysoTracker red (C), the live LVS bacteria (arrows in panel B) exhibit little or
no colocalization with LysoTracker red (arrows in panel C). Size bars 	 10 �m. (E and F) Quantification and time course of LysoTracker red
colocalization with live LVS-GFP and latex beads in human THP-1 cells (E) and MDM (F) in nonfixed cells at 15 min to 3 h postinfection. Uptake
of live LVS-GFP and latex beads was synchronized, and the colocalization of the bacteria or latex beads with LysoTracker red was determined at
different times after uptake as described above. Whereas latex beads show a high level of colocalization with LysoTracker red at all time points
from 15 min to 3 h after uptake, the live LVS-GFP bacteria show only 15 to 20% colocalization over the same time period. The symbols and error
bars indicate means and standard deviations of duplicate determinations for at least 40 bacteria at each time point. The experiments were
conducted twice with similar results.
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electron microscopy is used. However, whereas electron mi-
croscopy allows direct assessment of phagosome permeabiliza-
tion, the adenylate cyclase reporter assay is an indirect assay
that may be influenced by many factors unrelated to phago-
some permeabilization, such as the level of calcium, ATP, or
calmodulin in the macrophage cytoplasm, the nutrients avail-
able to F. tularensis for metabolic activity, and the rate of
adenylate cyclase protein secretion by the bacteria. Although
these factors can complicate the interpretation of the results
obtained using the adenylate cyclase reporter system, the fact
that we observe a dramatic increase in cAMP generation in
LVS-sCyaA�-infected macrophages compared to LVS-CyaA�-
or iglC-null LVS-sCyaA�-infected macrophages despite bafilo-
mycin A treatment indicates that acidification of the phago-
some is not essential for phagosome escape.

The mechanism by which F. tularensis escapes from its phago-
some is not clear. For other pathogens that escape from their
phagosomes, porins and cytolysins have been implicated. An
acidic environment is required for some but not all membrane-
permeabilizing actions of porins and cytolysins. For example, the
action of listeriolysin O requires an acidic pH, and the escape of
L. monocytogenes into the host cell cytoplasm is blocked by either
NH4Cl or bafilomycin A (1). Similarly, the escape of adenoviruses
from endosomes into the host cell cytoplasm requires an acidic
pH-dependent change in viral proteins (23). However, the degree
of acidification required for lysis varies from pathogen to patho-
gen. The pH required for membrane lysis of adenovirus type 7
(pH 5.5) is more acidic than the pH required for membrane lysis
of adenovirus type 5 (pH 6.0) (23). On the other hand, some
membrane lytic mechanisms are functional at neutral pH. Indeed,

FIG. 12. Immunofluorescence assessment of colocalization of live and killed LVS-GFP with proton vATPase subunit 6A in THP-1 cells. Uptake
of live (A to C) or killed (D to F) LVS-GFP and fluorescent blue latex beads by PMA-differentiated THP-1 cells was synchronized by centrifugation
as described in the legend to Fig. 10. The monolayers were warmed to 37°C for 20 min, washed, incubated for an additional 60 min, and then fixed
and processed for immunofluorescence microscopy. Live (A) and killed (D) F. tularensis bacteria are identified by green fluorescence (arrows), and
latex beads are identified by blue fluorescence (arrowheads); H�-vATPase subunit 6A was stained with a red fluorescent antibody (B and E), and
merged color images are shown in panels C and F. Whereas the majority of fluorescent blue latex beads (arrowheads in panels A and D) and killed
LVS-GFP (arrows in panel D) are rimmed by enhanced levels of the vATPase red immunofluorescence (B and E), the majority of live LVS bacteria
(arrows in panel A) do not colocalize with the vATPase (arrows in panel B). Size bars 	 10 �m. (G) Quantitation and time course of colocalization
of vATPase with live and formalin-killed LVS-GFP. Uptake of live or killed LVS-GFP and latex beads by PMA-differentiated THP-1 cells was
synchronized, and the colocalization of the bacteria with H�-vATPase 6A was determined at different times after uptake as described above.
Whereas killed LVS-GFP and latex beads show 70 to 90% colocalization with the vATPase at all time points from 15 min to 6 h after uptake, live
LVS-GFP shows only 15 to 20% colocalization over the same time period. The symbols and error bars indicate means and standard deviations of
duplicate determinations for at least 100 bacteria. The experiment was conducted twice with similar results.
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it is noteworthy that the Listeria-derived cholesterol-dependent
cytolysins are unique among the family of cholesterol-dependent
cytolysins and that other members of this family, including pneu-
molysin, streptolysin O, and perfringolysin O, do not require an
acidic pH for their pore-forming activity (24). Whatever molecu-
lar mechanism is involved in the escape of F. tularensis from its
phagosome, our data indicate that it is not dependent upon an
acidic pH.
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